Crossed 
Introduction
The Chair of Mechanical Components and Power Transmission (LMGK) at the RuhrUniversity Bochum has been conducting research for a number of years in the field of crossed helical gears with pinions or worms made of steel, and gear wheels made of plastic or sinter metal. Gearboxes of this type are widely used in motor vehicles and household appliances. For example, the trend towards increased comfort in motor vehicles has led to the utilization of more than a hundred servo-drives in luxury class automobiles (Fig. 1) . They are cheap, quiet, reliable and require minor or no maintenance. Powder metallurgy mold parts made of ferrous materials are the main product group in powder metallurgy. They are a very economical product for a highly developed industry such as automobile, machinery and general equipment, as well as many other areas of the metalworking industry.
Researches conducted by the firm Höganäs AB. Sweden [1] deal with sintered steel Astaloy Mo (Fe0.85Mo) and Astaloy CrL (Fe1.5Cr0.2Mo) with additional treatment. They test tooth root resistance of gears with m = 1.5875 mm, z = 18, α = 20 o and b = 10 mm. In addition, the rolls with diameters R 1 = 30 mm, R 2 = 70 mm are tested with respect to their fatigue resistance in rolling contact. The results have shown that sintered steel with the additional treatment can achieve tooth root resistance of steel gears with case hardening. Research of crossed helical gears is today primarily based on experiments performed on a test bench. The complex geometry of the teeth contact has not yet provided an opportunity for a reliable computer simulation.
The work by Wendt [2] is the first one focusing on the study of load capacity for the worm with a helical gear made from a material combination of steel/sintered steel. Wendt worked on load capacity of this material combination. As sintered steel, he used Fe1.5Mo0.3C with material density of 6.9 and 7.2 kg/dm 3 . His work has provided approximate equations for the calculation of safety factors for tooth damage such as pitting and wear. He also verified that increased material density leads to an increased wear resistance, and proved the influence of lubricant on wear resistance.
The possible application of sintered steel components can be expanded using an additional treatment by optimizing their properties. According to [3] , the best wear resistance is shown by the wheel made of Fe1.5Cr0.2Mo sintered steel with the sinter-hardening treatment.
Manufacturing and additional hardening
Sintering is a method established for making metal objects from powders and every single step of this process is having an influence on certain material property. It is a method used to create objects from powders, which has been done in few steps: preparation of powder, pressing, sintering and concluding finish.
The pressing process requires a precise amount of powder to be dosed into the tool ( Fig. 1 ) which will subsequently be compressed until the reduction of the volume by a factor between 2 and 2.5 is achieved. The pressure applied by the punch determines the final density of material; for example, a density of 7.5 g/cm 3 can be obtained by applying 800 N/mm 2 .
Fig. 2.
Tool for making gears [4] .
The raw parts obtained by pressing are further subjected to a step thermal process in the flow furnace (heating, sintering, cooling). For parts with direct hardening, the sintering process is usually performed at a temperature of 1120 o C in an atmosphere of reducing gases.
In this way, new crystals are formed during sintering due to the diffusion processes at the grain boundary, resulting into a heterogeneous mixture. Sintering process ends with a cooling phase.
Sintered objects have been additionally pressed in tool for calibration under pressure from 600 to 800 N/mm 2 . Mechanical characteristics are improved during cold hardening and significantly increase the accuracy and surface quality.
The hardening after manufacturing process can expand the range of possible applications of the powder metal parts and/or to optimize their properties. The sinterhardening treatment is a single-stage process in which the thermal treatment is performed directly after the sintering. In order to achieve the desired mechanical properties it is possible to change the microstructure and the amount of the formed martensite structure by controlling the cooling rate after the sintering process. It is possible to form more martensite structure by using right alloyed materials. This increase significantly the hardness and improve mechanical properties.
The advantages of sinter-hardening treatment: cost savings obtained when the additional cost of alloying is less than the other treatment costs; high dimensional accuracy; good shape retention -compared with other hardening treatments shape of parts would have only minimal deformation during the sintering process; no defects -cracks do not occur during sinter-hardening treatment because parts are not subjected to the drastic rate of temperature change; time saving; readily impregnated -since there is no entrapped quench oil, the gears can be impregnated with lubrication oil; good appearance -gears produced with this hardening process have cleaner and more uniformly colored surfaces.
Test conditions
The practical tests were carried out by using five test benches with a center-to-center distance of 30 mm. The transmission of the asynchronous motor was mounted on the test bench and the output torque was applied via a magnetic particle brake. On each test bench, the engine and the gearbox, as well as the gearbox and the brake, were connected with a gear coupling. The measurement of the output torque was made on the transmission with a torque gauge bar via a slip ring transmitter. The speeds and output torques were controlled independently for each test bench. The test bench for crossed helical gears and the position of the measuring points is shown in Fig. 2 . The data of the test gear pair are given in Tab. I.
The test drive was made of aluminum. The axial section of the worm shaft is shown in Fig. 3 left and the axial section through the wheel shaft right. The bearing of worm shaft (1) was achieved with two angular contact ball bearings (3) in X-arrangement (Fig. 2 ). The worm (1) was below the wheel (2). The temperature in oil sump was measured with a nickelchromium-nickel thermal element (4). The thermal element (4) measured the sump temperature directly under the worm in the area of gearing contact. The sealing of the test housing was provided by a shaft seal (5) .
All test gears were measured before the experiment on the gear measuring center Klingelnberg PNC 64. The lubrication of the gears was carried out by a splash. Before each test, the gear housing was filled with oil up to the level that covered the whole worm.
The time duration of a test run was set to 40 hours. The output moment of the first test run was 12 Nm and for each next test was increased by 4 Nm. After every 20 h, the helix line was measured in order to determine the width of the wear surface.
Tab. I provides the data of test gear pair. Experiments have been performed with gears made of sintered steel Fe1.5Cr0.2Mo with two variants: without any additional treatment and with sinter-hardening treatment. The wear surfaces were measured in 20-hour intervals in a gear measuring center by measuring pitch diameter line. The overall efficiency quantifies the efficiency of power transmission. Calculation of the overall efficiency for transmissions comes from torque. For crossed helical gears this is applied according to equation (1) which shows the relationship between the measured input and output torque as a function of the overall efficiency η ges . According to equation (2) the total power loss P V is the sum of the power loss of gear pair P VZ , the bearing power losses of the worm shaft P VD1 and the wheel shaft power loss P VL2 and power losses of seals P VD1 and P VD2 .
By measuring the output T 2 and input torque T 1 (Fig. 3a) can be determined the overall efficiency of the crossed helical gear η ges . Calculation of the bearing power losses of the worm shaft P VD1 and the wheel shaft power loss P VL2 and power losses of seals P VD1 and P VD2 is made according to SKF [5] . 
The tooth friction coefficient
Mesh efficiency η can be calculated with mesh power losses P and output torque P Experimental results (Fig. 5-8 ) clearly show the following trends. With the increase of the output torque increases mesh efficiency η z , reducing the coefficient of friction μ zm between the gear flanks. This is due to the increased contact surface of gear teeth in contact and achieved hydrodynamic lubrication. Another conclusion is that sintered steel Fe1.5Cr0.2Mo with sinter hardening treatment has for about 20% smaller friction coefficient compared with gears without any additional treatment which gives higher mesh efficiency for about 6%.
Calculation method
The wear describes the continuous loss of material from the surface of the basic body which has a relative movement with respect to a solid, liquid or gaseous mating with which it is in contact [6]. Contrary to hardness or tensile strength, wear is not a specific material property but a system property which depends on the particular tribological system. In our case, the elements of the tribological system are: the gear wheel (basic body), the worm (opposed body), and the lubricant (intermediate component).
Wear removal
Load capacity of crossed helical gears is limited with wear which describes the continuous loss of material which results in the decrease in tooth thickness. If the boundary value for flank-removal is exceeded, the destruction of the wheel tooth flank will occur. For the successful execution of gear function during operational life, it is necessary that wear removal does not exceed the boundary value for flank-removal. According to DIN [7] , wear removal δ wn is the result of the product of wear intensity J W and wear distance s wm
Wear intensity J W depends on base wear intensity J 0T , but the specific one for sintered steel Fe1.5Cr0.2Mo with sinter-hardening should be used. Based on the experimental and theoretical research the wear intensity is:
According to experimental results, the base wear intensity J (7) 0T can be determined as: Crossed helical gear factor W SR takes into account the wear increase in the starting period of operation and in normal exploitation. This factor depends on operational time L h and input speed n 1 . It can be determined according to the following Equation:
( ) without additional treatment are given in Tab. II. The lubrication thickness parameter K W depends on the minimum average lubricant thickness h min m , the lubricant-structure factor W S and the pressure factor W H . Parameter K W is determined according to DIN 3996 [7] .
For various combinations of material, the elastic modulus E 2 , Poisson's ratio ν 2 and the equivalent E red are given in Tab. III. 
Tab. III

Experimental verification of the calculation method
Conclusion
This paper provides the calculation of wear load capacity of crossed helical gears with wheels made from Fe1.5Cr0.2Mo sintered steel. The presented calculation is synchronized with the calculation method of DIN 3996. Based on theoretical and experimental researches, the appropriate equation to determine the wear removal δ wn and all influenced parameters is given. For sintered steel Fe1.5Cr0.2Mo, the values of elastic modulus and Poisson's ratio, as well as parameters for determining base wear intensity J 0T , are determined experimentally.
A new crossed helical gear factor W SR is also introduced, which takes into account the increase due to wear and normal operation of the crossed helical gears. The paper presents the equation and parameters for practical calculation of crossed helical gear factor W SR . Experimentally determined critical values of wear removal are significantly smaller than the recommended values according to DIN 3996. Based on this value, the required safety against wear is determined statistically. The validation of calculation was performed by comparing the measured and calculated values.
Based on experimental results, gears made of sintered steel Fe1.5Cr0.2Mo with and without additional treatment can be concluded:
• Sintered steel Fe1.5Cr0.2Mo with sinter hardening treatment has for about 20% smaller friction coefficient compared with gears without any additional treatment which gives higher mesh efficiency for about 6%.
• Wear rate for gears with sinter-hardening treatment is approximately 5 times smaller compared to gears without any additional treatment.
